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We propose a method for reliably teleporting arbitrary electronic states of single trapped ions. The
method takes advantage of an eective ion-ion interaction which allows a complete measurement
of a non-degenerate Bell operator. It also avoids the entanglement between internal and motional
degrees of freedom.
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Since Einstein, Podolski and Rosen’s seminal work [1],
nonlocal eects in two correlated particles have been the
object of intense research. Local hidden variables the-
ories, partially designed to avoid non intuitive results
of two particles correlations, led to results in contradic-
tion with several experiments [2,3]. More recently, other
manifestations of nonlocal correlations involving three or
more particles have been discussed in the literature, like
teleportation of unknown single or entangled states [4].
In teleportation, a disembodied transmission of an ar-
bitrary state, from one system to another located at a
remote place, is made through a classical and a quantum
channel.
After the original proposal of quantum teleporta-
tion [4] (hereafter called BBCJPW), many experimental
eorts have been made in order to test teleportation of an
arbitrary state of discrete [5] or continuous variables [6].
In all these experiments the particles involved were pho-
tons. The main diculty for the implementation of the
BBCJPW protocol for teleportation of discrete states is
the complete measurement of a non-degenerate Bell op-
erator [7]. This would require the projection of an input
two-particle state on one of four maximally entangled
orthogonal states and the production of a unique sig-
nal for each one. In fact, it has recently been shown
that, in the case of teleportation of discrete variables,
it is not possible to perform a complete Bell-operator
measurement without an eective quantum interaction
between the involved particles [8,9]. Due to the lack of
a photon-photon interaction, it seems impossible to ob-
tain a reliable teleportation of photon polarization states
that follows closely the original BBCJPW protocol. For
this reason, it seems more promising to look for systems
where eective quantum interactions between their com-
ponents may be implemented more easily, like trapped
ions or systems composed of atoms interacting with elec-
tromagnetic cavities [10,11]. Teleportation with trapped
ions has an additional important advantage: we are deal-
ing with a single long living quantum system, conned
into a very small region of space and that remains at our
disposal for further manipulation.
In this paper, we discuss a proposal for reliable (the-
oretically, 100% probability of success) teleportation of
arbitrary two-level electronic states between ions kept in
two well separated traps. This is accomplished using well
determined projections and unitary operations, avoid-
ing undesired entanglement of the internal states with
the motional degrees of freedom. Moreover, due to the
use of ion-ion quantum interaction, all the measurements
needed in this scheme are performed exclusively on sin-
gle ions. Our procedure, along the lines of the BBCJPW
protocol, can be sketched as follows (see Fig. 1): Trap
A (Alice station) contains ion 1 with an arbitrary elec-
tronic state, α j#1i+β j"1i [12] and trap B (Bob station)
contains ions 2 and 3 in an electronic EPR state. Ion 2
is then transferred adiabatically to Alice, who performs
a suitable unitary operation on the joint Hilbert space
of ions 1 and 2 and measures afterwards their individual
electronic states. Then, Alice informs the results of the
measurement to Bob by sending two bits of classical in-
formation. Bob uses them to perform one, out of four,
specic unitary transformation on ion 3, whose electronic
state is left at the original state of ion 1.
FIG. 1. Sketch of the trap conguration for teleportation
of the electronic state of ion 1 to ion 3. In the rst step, ion 1
has an arbitrary electronic state, while ions 2 and 3 are in an
EPR state. In step 2, the second ion is transported to trap A,
where it undergoes entanglement with ion 1. As a last step,
ions 1 and 2 are separated so that their individual states can
be measured via fluorescence.
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The rst task in the implementation of this procedure
is the deterministic preparation of the EPR pair (any
electronic Bell state of a pair of ions) in trap B. In a
recent proposal by three of us [13], it was shown that
such a state can be generated, with present techniques,
through the use of two pairs of Raman lasers interacting
dispersively with both ions [14]. The angular frequencies
ω1 and ω2 (ω01 and ω
0
2) of the rst (second) laser pair are
adjusted in such way that they are quasi-resonant, with
a detuning δ (−δ), to the rst uppersideband (lowerside-
band) of an electronic transition of the ions relative to
just one of the vibrational modes of angular frequency ν.
That is, ω1−ω2 = ω0+ν−δ ( ω01−ω02 = ω0−ν+δ), where
ω0 is the Bohr transition frequency among the two elec-
tronic levels of each ion and jδj  ν. In this situation, it
can be shown that in the Lamb-Dicke limit, the eective
interaction between the two ions j and k is described by
the Hamiltonian [13]
H = h jΩj

S+jS+ke
2iφ − S+jS−keiφ0 − 12

+ H.c., (1)
where S+m = j "mih#m j and S−m = Sy+m are the elec-
tronic raising and lowering operators acting on ion m,
φ is the eective phase, taking as equal, of each Raman
laser pair and φ0 is the known phase dierence associ-
ated with the equilibrium separation of the two ions as
dened in Ref. [13]. Ω is an eective coupling constant
that does not depend on the vibrational quantum state
and is equal to the product of the two Raman eective
Rabi frequencies divided by δ, times the square of the
Lamb{Dicke parameter η (the ratio of the width of the
vibrational ground state to the de Broglie wavelength as-
sociated to the momentum transfer from the eld to the
atom). Notice that the dynamics generated by Eq. (1)
does not alter the vibrational state of the ions. For the
preparation of the EPR state in trap B, we consider that
the two ions were previously cooled to the Lamb{Dicke
regime and stay in their electronic ground states. By
letting the two Raman laser pairs interact with the ions




(j#2, #3i − ie2iφB j"2, "3i , (2)
where φB is the eective phase of both Raman lasers pairs
in trap B. We then transfer adiabatically ion 2 from trap
B to trap A, where it interacts with ion 1. A possible
mechanism to make this transfer will be discussed below.
No entanglement should occur between the electronic and
motional states, if this transfer is done adiabatically in
a time larger than 1/ω0. We assume that in the trans-
fer process the mean quantum number n associated to
the vibrational modes are kept small, so that the Lamb{
Dicke approximation nη2  1 remains valid. The total
electronic state of ions 1, 2 and 3 is then given by
jΨ0(1, 2, 3)i = (α j#1i+ β j"1i) j23i . (3)
If we follow the recipe of the BBCJPW protocol [4],
our second task would be to perform a complete mea-
surement of von Neumann type, on the subsystem of
particles 1 and 2 in the Bell operator basis, that will
condently provide two bits of classical information. We
propose here a practical way of obtaining this classical
information by suitably entangling the electronic state of
particles 1 and 2 and then measuring the individual elec-
tronic state of each ion. This substitutes the non-trivial
requirement of a direct Bell measurement by that of mon-
itoring the individual ion fluorescence. For achieving this
goal, we rst apply, on ions 1 and 2, a pulse of duration
τ = pi/(4jΩj), using the same excitation scheme as used
before in trap B, transforming the total electronic state
jΨ0(1, 2, 3)i into




− ie2iφA j"1"2i ⊗
h












β j#3i − ei(2φB+φ0)α j"3i
io
, (4)
where φA is the eective phase of both Raman laser pairs
in trap A and φ0 is the phase due to the equilibrium sep-
aration of the ions 1 and 2 in trap A. If we set, for
simplicity, φA = φB = pi − φ0/2, it is clear that the de-
termination of the energy state of ions 1 and 2 projects
ion 3 on one of the 4 states α j#3i+β j"3i , α j#3i−β j"3i ,
β j#3i+α j"3i , and β j#3i−α j"3i. These four states cor-
responds to the original state or a pi rotation of it around
the z axis, the x axis or the y axis, respectively. If now
Alice measures the electronic energy of each ion in her
trap and send the result (2 bits of classical information)
to Bob, he will need or not to make an additional opera-
tion (the corresponding inverse rotation around the z, x
or y axis) on ion 3. This completes the teleportation of
the original arbitrary state from particle 1 to particle 3.
For the case of teleportation of an entangled state we
need initially two pairs of ions, each pair in a dierent
trap. The rst pair in trap A, ions 1 and 2, is in an
arbitrary unknown entangled state, and the second pair,
ions 3 and 4, must be in a EPR state. First of all, we
transport adiabatically ion 1 to another trap. Then, we
apply to ions 2, 3 and 4 the same operations used previ-
ously for state teleportation, resulting in the transfer of
the initial arbitrary entanglement of ions 1 and 2 to the
ions 1 and 4. That is, we teleport the entanglement from
ions 1 and 2 to ions 1 and 4 without never promoting an
interaction between particles 1 and 4.
We now briefly discuss experimental issues, propos-
ing one scenario in which our scheme for teleportation
could be implemented. While many of the required tasks
have been individually demonstrated, others are being
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actively pursued by experimental groups. For this dis-
cussion we borrow heavily on the implementations ideas
of Wineland and coworkers [15], as they have been able
to successfully address many of the questions raised in
this paper. Below is a list and discussion of the required
experimental steps. (i) The deterministic generation of
an arbitrary one ion internal state α j#i + β j"i has al-
ready been achieved (see for example Ref. [16]). (ii) Ions
may be cooled down to such low temperatures that, in a
good approximation, we may consider initial density op-
erators of the form j##i h##j ⊗ ρvib , with ρvib associated
with a distribution were the vibrational ground state is
heavily populated [17]. (iii) The deterministic genera-
tion of an EPR pair and the disentangling of the Bell
states, outlined above, may be implemented with state
of the art technology through the procedure described in
detail in Ref. [13]. (iv) Transporting ions from one trap
to another requires the construction of novel traps. The
envisioned traps would have lithographically deposited
electrodes [15] for controlling the displacement of the
ions without aecting the internal states. Such traps are
being pursued by the group at NIST [18]. These traps
should allow for a smooth, almost adiabatic, separation
of ions from a single potential well, and the reverse oper-
ation, without much heating to the ionic motion. Also,
dynamic electric and magnetic transport would not be
out of question, so long as the heating is not large and the
internal states remain untouched. For that, the switching
of electric elds are to be made adiabatic with respect to
the internal states, though not necessarily adiabatic with
respect to the ions vibrational frequency. Since the theo-
retical method above for the generation of entanglement
is nearly independent of the vibrational quantum num-
ber, in the Lamb{Dicke regime, one only has to worry
about large heating mechanisms. If such heating exists,
it can still be overcome, at added complexity, through
the use of sympathetic cooling to cool again the joined
ions to low vibrational states, without aecting the rele-
vant ions’ internal state. (v) The production of the pairs
of Raman laser beams and the pulse shaping (power and
duration) can be accomplished with the proper use of
acousto-optical modulators and RF switches, and the rel-
ative phases can be controlled by the pathlengths. Laser
power levels and timing, while dependent on a chosen ex-
perimental system, are estimated to be compatible with
what is currently used for Raman excitation of trapped
ions (as for example, in Ref. [17]). (vi) Finally, the read-
out of the internal states of the individual ions 1 and 2
is most easily done by separating them, using the same
transport mechanism as above, and using the "electron-
shelving" technique [19] for achieving nearly 100% de-
tection eciency in each resolved ion. An alternative
method, not requiring a separation of the ions, would fol-
low Leibfried’s [20] proposal to read out individual elec-
tronic states of two or more trapped ions, selected by
their rf-micromotion. (vii) Of course, states j "i and j #i
are long-lived hyperne states, preferably in the proper
magnetic eld, such that their energy’s dierence is eld
independent, making this a robust system. The spe-
cic experimental system will dictate the requirements
on lasers and magnetic eld stabilities, among other ex-
perimental parameters. While the experimental scenario
envisioned above is not readily available we believe it
soon will, as inferred from the latest impressive develop-
ments in trapped ion technology.
All arguments presented above convince us that tele-
portation with massive particles, not speaking about its
obvious fundamental interest, is an achievable and inter-
esting experimental task that will result in several appli-
cations in the burgeoning eld of quantum information.
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